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AfcrriACf 

*r« t>r«*«fit#4 •• wmil  M  • •iam**y of ih« i*»«off«iic«l «rot*. 
iuU d—9» ttirvtnold*  fot  ••v»f«*  r^i>y «^'«S ««imliir« ••«pi«» 
tfftM» ditf«ff«ni »ourc»» *f« pr«»«ni«4.    Tit« (.r^bl«» of »urf^c« 
4*MM|v  it dl^cussr« ,  *n4 <|a«ilt«tive exm^tirf*,* t»oiw«»t> 
•htr^nc« cn4 «Hit svirfac« 4«IM^« «r« IMKS« .    Oiff«r«nc«^ 
u«t«#v«n ih» ^ros» characteristic« of buU d^Mi^n  in ruby 
«nd ««pphir« «r« pr«»«nt«d «nd di«<ru«s«d.    Th« d«t>«nd«nc« 
of d«iM9« thr««hoLd on Ti02 doping «nd optic«! punpin^ !• 
pr«««nt«d.    Th« un«xp«ct«d results «r« discusssd «nd farther 
«xp«ria«nts propo««d.    Th« th«or«tlc«I tro4tMnt d««l» with 
proc«ss«s by which  "cold* conduction «l«ctron« rnsy d«Mg« 
th« Isttic« b«for« th«y vsin «nough «n«rgy to ionis« th«ir 
surroundings.    Zt is shown that th« «n«rgy th«t th« con- 
duction «I«ctrons «bsorb Linssrly fro« th« optic«! b««n is 
dopositsd •Inost iMMdiat«ly in th« Isttic« «nd is of suffi- 
ci«nt Msgnitud« to form s rupturing shock w«v«.    it is slso 
shown thst th« photo«xcit«tion of impurity l«v«ls is «nhsnc«d 
by th« pr«s«nc« of conduction «l«ctrons.    Th« pr«s«nc« of 
conduction «l«ctrons and «xcit«d impuritiss is liksly to 
slt«r th« r«fractiv« indax significantly and affsct th« 
focusing  (s«If- or «xt«mal) in a complicatad way.    Impli- 
cations of th«s« rssults for raising damage thrssholds ar« 
discusssd. 
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M*   H4vw   mo.41 f <*""t   «^4   ini'i-i^'4   «I**   «.«i'l   l**«t   •<'   i'-.»i    |l 
•»•i  **iy  ff«ll«l»l|'   <»»»     if-  • »iikfl« *•«*«       rhi»  *-••  i"***- 
m<tm^ii*H94 kf  ihm  *•*  ©f  • »•n^*t»t *t« ooAlf«;!«« •«♦WMMISI 
tmtlmctot i  i wm »pmituf «IMI • «fjr» ^■•••11^.     t#»»*.«i^» 

c«l^r«i*4 «i»i«cior* giving u»  • Mer« r««*a<h«i>i« «»••«#« of 
ihr unovrtatniy  in our out|»yi.    iuU Jaw^f tiir««iM»l4 •»•♦ 
*ur«ii»ni,« hm-tm hmmn c«rri«4 mil   tot  • AiiMNir of  nutry •*»4 
•mpphii9 ••»plm* obfAliMNl frtM» 4lff«r«Al •oi»f<?••.    Oawyi 
•i both «ntranoo tnd •«it tufflMMMi IUM boon mmmAnmi t*4 
eortAin comftiion» «r« Mid«.    Thm dittmtmtvam* b«««««« tlM 
froat cti«r«ci«rl«tic« of bulk d—y in ruby t*4 «ni^pblro 
«r« prosontod «nd dltcustod.    Tb« «ffoct on dam«» ibnMihold 
of TIO2 doping h— boon atudiod for both ruby and »appHlro. 
and a pronojncod ioworln^ of ihroahotd uaa found  foontrary 
to proviouaiy roportad roaulta) .    Ma bavo carried out  a  fow 
axporiwnta  in which tha da»a9a  throahold uaa aoaaurod a« • 
function of optical puapln^ for both ruby and aapphiro.    Tha 
unaxpactad roaulta ara diacuaaod and furthar aaparmanta 
propoaad. 

B. Bw^ariaantal A£garatua 

Tha apparatua uaad in tha daaaga throahold 
axpariaanta ia aaaantially tha aaaa aa that doacribod in 
tha pravioua raport  (Sami-Annual Report No.  1)« and only 
tha nodificationa will bo doacribod.    A achonatic raproaan- 
tation of tha apparatua ia ahown in Pig.  1.    Tha Main diffar- 
anca batwaan thia apparatua and that ahown pravioualy  la tha 
uaa of a dya Q-awitch in placa of tha rotating pria» in 
tha laaar.    Ma uaa a aolution of cryptocyanina in aathanol 
in a 1 mm pathlangth call tha optical tranamiaaion of which 
ia 30% at 6943 A.    Anothor foatura not ahown in tha firat 
apparatua is tha NgO diffuaar placed aftar tha aaajpla and 
tha aaaociatad monitoring datactor.    Tha signila  from chia 
datactor and tha ona which datacta tha light raflactad from 
baamsplittar 82 ara intagratad and diaplayad on a Taktronix 
555 dual-baan oacllloscopa.    In addition, baam aplittar 82 
has baan rotatad so that tha  light ia incident much cloaar 
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#;•■»« .   +.#4    «<•   »MCfWir^««!   «»i»*    <*«#»   4H»'|    *-.#♦«•   4>iws'*    «lte««S   «iiii 

«•W.4 9^,»    ^.. ♦,, «   f««^!«    i«.   «w1*«''^«^^*    »M»«^.«»«    »♦    ||i«   l«l«t 
«»■>«•.«   •!   liirk«   ««f;»<4»4   i«**»   ilk«  4»«*<«i<»#   ♦     MM»   **• 

«»«•#«   %*m   fwri^^i^ilf   »•   r*Ulf   i»i»i|winii K   »f   •*-.##•.   Ilk« 
f#%»i«i#   #»»<»y>.»»»»#       %H«I*«»4   f»«|«#«   «iifiklSf   4ilr*t«*f 
I««»  IIN»   ««fll««   MNlf   I«   O»!   |fM**>«il««»   «»      ;   i««**   «l 
«*M   tif^l   •>«"«! 1«*«^  IM*^i#k   •   ir»'«M  fi*»«   »gf»«*   t«Hf«|«4 
«»«»•MI  t  !♦    «••!      «.««;»•«  **«• ««#•<**. ««• «»#<•* <!«««» 

' -i   *l   •»»«       «HA li^i«   •i*«»liMP*l  Ift* «ifp*.««   t««» I«« 
l*MP44Hti.fl*4» >• «***. i««« »•^••i»«» i« «li^M mmflU in 
fiMftiii«!» «^ i*« ff<w»>i #§«»• ««WMM^ •M«» «ii#i« t«««li fro» 
•«•ii mm*m* •* »Hmtm**  «f i*« ;> 

II«   I'«*   «»i««..   |^»*l«t    «AIM«*   I«   flfa    S    «•    ««ft «lit« 
«ll«*««l«««   V«*»    M*-•,    ««I    #«««   «Mhi   f«.#    |lk«|    |>«r|WH«,   »IfM» 
«• mummg i« «i«.»««»«  »*«« it«» «.«•««• i« tm» tmm >>ct«— IN 
• fl«*   «14   «Mr|   t«««»   «tffitfi^^l   |f*aW|t   i«   e#iü«   tMIMfi   «III»   til« 
I«** IMNII   i««»fi^     if   >   «w     »«fe»,       Sa#l««4i «* Ik«««  «ftffi««! 
1*9 fNMpl«ii II«»   I* I*«  «i^lltivt  l«  a»l«i*  ««tl«llM«  in 

r«H»i«   "f i** 9f*%mm m ll •»«• ««i«!« «Ala» 
I—«M ii—i»i*^ i« i« «MIHP* i« in« «p|»rwria»l« flwcta«- 
II««  i« i*» pm§t   mtApiA   fr*m Mbm  I««««        I«  «fill« 9f UM 
tan IINH  I*« m**» ^♦»f»*ii«« «t« wr^ **«>l im*i»m4 m« 
fPWMIt   «MilfWi    I*   i|f«f^tlly   w»nr   C«lfi««llf   4»fNN««»fll   OA 
»ilfllWII    «Mi   rS«M»   S««^   4m;i«#»   «M  UM   IHNN»  »«OWD   I«   fllfftf» 
Irf   «•  «I«**   «•   Wit   ft««  «**««   I«   «IHM   «ilA  «w»   «|fMir««l   44 f- 
f»t«PM«  l« «iitaM   »f 14«  «MMMP *«t«M«i«M.    A««lfi«r   r««lwr« 

'W3$i«. •« » • w • «»«»f» «r i* ft«»« « ioo» ^«v«« 
i« i*« t«tl*c4l«*> «««triei««! «»f*«f««« «#  ♦ • i%*  ihm •mm 
mfiit mm^p ff«««ti« m ««If l.ll .:«»•*.#• m r«tl«ction 
e««ffl«i«i»t. 

All   I**««* «»«4 tot  fmvmimi ihm Immt  IAI« in« ••«put «r« 
«MlfiMM tot MmiM» «ftMfltf«!  «wrrAllo« ««4 «fiiirvrtvc- 
11«« «««t«*.    Ttmf tmrm «krt«l««4 ft«« ifpvtfl«! outlet. 
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• >...« .« I.H.« uM^ili««**! rif<*t« ; «fiMMi« «hi ««M^«« of «rHAI 
<M» •*<• »i.fc aN*| «M*-»! >.#|ä,^ (TiMlVf«. «M fif > »fMBW* « III« 
»I»*»    »f    f^e    ;«•<>*    OMV^I     I «A »A   «I If»   |#.a<oNlinM|«   Ho.     |    «A4 
J.»j'.*l«4   t#»   <'•-««   !»*||a»>.|»   ||9   ..••»-'1 ;ä"-«t'«ff«*.      ft«ur«   ll«l 
»f^MM«   %h#   vi***%H   %»m^mt**    »^»IH»   »«««i   «Im^f   f)|   of   III«   IIMB, 
wfiil«   rif.    »   ♦-      •*.<*¥•   *r-   ••<#*•»   «««Mf»!«  of  «MlflllOd*  oteilt- 
•tio*.. $1» IIN)« . ••• I«K> «**'!»• «t« «icittAiifi^ «itfi • fr«- 
fwKCi   »«I*.*»»« i«.* of   'Vö1 mn,     T»»»»  ft«<f«Miii>cy «»rr»i|»n4« 
lu   I ^«    •|N«<'»^4   J.*«M««A,   |»k«   #f»4   c-1   Ihm   t-drf   Mill   til«   rMOAAftt 
rof.»"t >f.    ;','-e cnwt i«|»|>tn^ «favft«!  r«fi^»« of ih# fabrv- 
t>«rcNi   i^ietfor ^vf«r*  *."-l it«« $11 «MM? 1S i»»Cup« in«ur« Ui«t 
th«   (MC I 11 «I IcA  of   «^ylMflf  <7lf«»r  tlMtfi  • »IA^I«   lonfltudlMl 
tmutJl«  «ill   I«»  «l^l«-«.*!«**!. 

th* amflitimt  it ««»«»fiiialty iti« ««a* M tJ>«t d«- 
»criiMM  in in« ^foviov*  r«|Mri «*e«|»f lluii  • Modification 
i--- if»«   Immy 4»«i*^ *»•# «N»(I* .     TV*« t««*on  for  ttolt  It that 
U"»  I*!-«'!*'-'-«.  «,<•'•. i^tuc««-. tho lauf» and th« pulaa-foming 
^•iwarn  it nt  of»!in«!»,     fntt rttultt  in toaa raflaction 
in th» t rtnuittotior   tin« to tnai  (ha tai^pl« it not punpad 
at effect iwl)   at  i*   aovld law.    Tt»« naw laop «rhtd) haa not 
y«i iN>«n i«tt«d thovld laprov« tha inpadanca aatch and par- 
wit nare «fficiant punpin^.    Tha aMisiau» gain obtalnad with 
in« anplifier  it ti^^.t   10 dh.    Tha charanarittica of our 
later  «re  iwN«»4ri<«d  in rattle  I. 

gogar and totargy Haaturatnta 

larly  in thit reporting panod *a dlacovarad that tha 
pniMry reference atad at a power ttandard in tha flrat 
H»aturer«>ntii   «» K««r«d biplanar photodioda)   thowad a draatic 
change  in phütu-renponaa      Tha raaaon for thia la not known. 
At t result  HOP«- doubt ^at cttt on tha initial powar calibra« 
tion  figit -4.    w« proccded to obtain thraa aaparata "cali- 
brated" detactort and uaad tha« to aatabllah a naw atandard 
for photodiode Mo.  2, our anargy aonitor.    Of thaaa thraa 
dotccM   •:,  two war« TRC calibrated tharaopilat and tha third 
wt» a \ .  t «diode which had bean checked againat a number of 
other  ralii rated detectort   fron different tourcea. 

•Th« Fabry-Perot  interforoiMtar haa a 3.17 «m apacar giving 
t free »pectral  range of 1.58 en*1.    We have neaaured tha 
retolution to be better than 0.06 en'1 or 1.8 GHs. 
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fiy.  2. 
Typical (.aoto moni- 
toring Pabry-Perot 
interferogran, naar- 
field,    and  far-fleld 
beam patterns.    The 
difference  in optical 
density between the 
two halves of the 
picture is N.D.   0.6. 
The free spectral 
range of the inter- 
ferometer is  1.6  cm"1. 
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Fig. 3.  Tektronix 519 oscilloscope traces 
of laser output with 20 nsec/divi- 
sion sweep rate.  (a) Smooth pulse 
observed ^95% of the time, 
(b) Modulated pulse (^750 MHz). 



TABLE I 

Characteristics of Ruby Laser 

Energy Output 12 - 15 mJ 

Pulse Length ^ 20 nsec 

Peak Power 0.6 - 0.8 MW 

Beam Radius (1/e for E 
field) 

1 mm (±10%) 

Beam Divergence 0.6 i 0.1 mrad (full angle) 

Calculated Beam Divergence 0.44 mrad (full angle) 

T39 

In these experiments the laser and amplifier were 
fired and signals from the calibrated detectors were compared 
with that from photodiode No. 2 (Fig. 1). A series of mea- 
surements was also taken in which the amplifier was not in 
place and where both photodiodes No. 1 and No. 2 were com- 
pared with the standard detector.  In these cases the 519 
traces from photodiode No. 1 were integrated, and the inte- 
gral VJ.£   compared with the other signals. 

The precision of these measurements was very good 
(^5%) for each standard detector taken by itself but the 
three calibrations were not in agreement, the two extremes 
differing by about 30%.  Since our precision is much better 
than this, we can expect a more accurate power calibration 
than we obtained at that time. The two thermopiles were sent 
back to TRG for recalibration. When they return the measure- 
ment will be repeated. 

D. Gross Characteristics of Damage 

We now wish to point out some of the qualitative 
features of the damage we have observed in ruby and sapphire, 
and point out the various differences seen in bulk and sur- 
face damage. 

When we place these samples in the beam we often 
see some plasma formation at the entrance and exit surfaces; 
this is shown in Fig. 4 (a).  In this shot no internal damage 
was formed, but a small pit was visible at the exit surface. 



We wish to emphasize here that exit surface damage is the 
first to appear in most of our measurements and that the 
threshold for exit surface damage is about an order of 
magnitude lower than that for bulk damage. We also notice 
that the plasma formed at the exit surface is often irregu- 
lar,  sometimes with a pointed appearance in the direction 
of light propagation; the plasma formed at the entrance 
surface is more rounded in appearance. Figure 4(b) shows 
a photograph of another sample in which internal as well 
as exit surface damage was formed.  Here we see a damage 
track beginning about a third of the way in from the entrance 
surface. Notice also the flaring out of the beam past the 
damage track. This blowing up of the beam, discussed briefly 
in the last report,  could be caused by a scattering of 
light from the damage sites or perhaps by self-focusing and 
subsequent diffraction.  If we assume that the fanning out 
of the beam is caused by diffraction from a self-focused 
spot, we can determine roughly the spot size by measuring 
the angle of the fanned out part of the beam. A crude mea- 
surement gives 7 x 10"^ rad for the half-angle, which corre- 
sponds to a self-focused spot whose diameter is 6.3 ym. 
This is not an unrealistically small spot size for self- 
focusing, and thus the flared out beam could arise from 
that. On the other hand, we notice that the flared out part 
of the beam is not very uniform in that the center part 
has much more light than the outer portions. This would 
suggest scattering from the damage sites in which a small 
part jf the beam is deflected while most of it continues 
along the same path. 

1.    Surface Damage 

The difference in the qualitative features 
of entrance and exit surfaces will be discussed briefly 
in this section.  Figure 5 shows photographs of both the 
entrance and exit faces of a ruby rod subjected to varying 
amounts of laser radiation. Note the difference in the 
kind of damage seen. The exit surface generally shows defi- 
nite crater formation as was discussed in the last report 
and illustrated with a number of scanning electron micro- 
graphs. The entrance surface or the other hand shows rela- 
tively little material lost froiu the surface. 

The influence of entrance surface damage on the 
apparent threshold for bulk damage has come to our attention 
during this reporting period.  It is possible that one rea- 
son for the large fluctuation (see Section I-E) observed in 
the bulk damage threshold is the generation of damage at 
the entrance surface and subsequent scattering of light 
from this damage site (or absorption by the plasma), which 
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(a)  No internal damage. 

lb)  Internal damage plus flaring of beam. 

Fig. 4.  Photographs of ruby samples while 
being subjected to laser radiation. 
Note surface plasma formation. The 
light is traveling from left to 
right. 
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ENTRANCE EXIT 

Fig. 5.  Exit (right) and entrance (left) 
surfaces of damaged ruby sample 
(1/4 in. square) after a number 
of shots. The regions A,B, and 
C are relevant to the discussion 
in the text. 



could result in a much lower power density in the interior 
of the sample than expected.  It has been observed that once 
this entrance surface damage has been formed it is very dif- 
ficult, if not impossible, to create bulk damage with subse- 
quent shots in the same place. For example, when the same 
region of the sample is repeatedly irradiated with the laser, 
each time with increasing power, the bulk damage threshold 
often cannot be reached; however, the damage on both surfaces 
generally increases from shot to shot. The problem of surface 
damage varies considerably from sample to sample and from 
place to place in a given sample. No substantial difference 
in this behavior is seen when the surfaces are cleaned with 
hot nitric acid and rinsed thoroughly with deionized water. 
(Generally all surfaces are cleaned with ethyl alcohol.) 

The photographs in Fig. 5 are presented so that there 
is a spatial correspondence between the entrance and exit 
surfaces. As an example of the variation in results for 
different parts of the sample, let us compare the different 
regions marked on the photographs.  In region A, for example, 
both entrance and exit damage are observed in a location 
subjected to several shots from the laser. This region was 
not damaged internally, even though the power incident on 
the sample far exceeded that for which internal damage was 
created in other regions (e.g., region B).  Region B is 
one in which both internal damage and exit surface damage 
were generated (in this case with one shot), with barely 
noticeable entrance surface damage.  Region C shows a loca- 
tion subjected to a single shot of less than half the total 
energy as in B.  In this case no internal damage was formed 
but the exit crater is considerably larger than that seen 
in B.  Figure 6 shows entrance and exit surfaces of another 
sample, where we again see the qualitative features of the 
different kinds of damage formed. Note the general anticor- 
relation between the extent of entrance and exit damage 
as exemplified in Regions A and B.  In one case (B) we see 
exit damage with little or no entrance damage, and in the 
other we see just the opposite. Next let us compare the 
entrance and exit surface damage at somewhat higher magnifi- 
cation.  Figure 7 shows a magnified view of one of the damage 
sites seer on the entrance surface of the sample shown in 
Fig. 6. Here we wish to point out the crazed appearance 
of the surface. There appears to be a general direction 
to the crazing on the surface that is the same for all the 
damage sites examined on that crystal. Other crystals also 
show this type of linear crazing, but it is not seen on 
all the samples examined.  Figure 8 shows magnified views 
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ENTRANCE EXIT 

7-  - 6.  Exit (right) and entrance (left) surfaces 
of damaged ruby sample (3/8 in. square). 
The regions A and B are discussed in the 
text. 
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Fig. 7.  Magnified view of entrance 
surface damage such as seen 
in Figs. 5 and 6. 
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(a)  End view. 

HRL 265-3 

(b)  Side view. 

Fig. 8. Photomicrographs of exit surface damage pits and 
crazing. 
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Fig. 10. Photomicrograph of damage 
tracks in ruby (see text 
for discussion). 

HRL 265-IR1 

Fig. 11.  Photomicrograph of damage 
tracks in sapphire (see text 
for discussion). 
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Entrance and exit surface damage are similar in two 
respects and differ in a third.  They are similar in that 
plasmas occur at both surfaces and both show some crazing 
at the damage site. They differ in that a fracture crater 
occurs on the exit and not on the entrance surface.  We 
suspect that the crazing is connected with and perhaps caused 
by the plasma that is seen at both surfaces, whereas the 
crater, which is unique to the exit surface, is generated 
by a phenomenon that takes place in the bulk of the material 
and manifests itself at the surface. 

The threshold for exit surface damage is about an 
order of magnitude lower than that for bulk damage.  It 
is more difficult to make a definitive statement concerning 
the relative thresholds for entrance surface damage and 
internal damage. The ease of plasma formation at the entrance 
appears to be a function of undetermined surface parameters, 
the most likely of which are adsorbed substances and surface 
finish.* Therefore, the state of the entrance surface defi- 
nitely determines what occurs inside the crystal and at 
the exit surface,  in the extreme case all of the light 
could be dissipated in the entrance plasma. 

Finally, let us assume that a hypothetical sample 
is subjected to a series of shots with increasing energy, 
each time striking a different spot, and assume that the 
power density is uniform over the length of the sample. 
We will first observe exit surface damage at some threshold. 
As the energy is increased, the extent of the exit surface 
damage will increase to give a larger crater than on the 
previous shot. At an order of magnitude higher input we 
reach the threshold for bulk damage, at which point a short 
damage track will appear; at the same time, we will probably 
observe a decrease in the size of the exit pit relative to 
what it was just below bulk damage threshold.  As we increase 
the energy further we will generally observe more extensive 
internal damage and perhaps begin to see some entrance surface 
damage, depending on the condition of the entrance surface. 
At still higher incident energy the extent of entrance sur- 
face damage (or absorption by the plasma) can be so great 
that it precludes the formation of bulk damage simply be- 
cause not enough light gets inside to cause damage. 

*It is definitely known that a substantial plasma will form 
on a dirty entrance surface.  In addition, in our limited ob- 
servations it appears that those crystals with more sur- 
face scratches are more easily damaged at the entrance 
surface. 



E.    Damage Threshold Experiments 

In  this section we present the results of damage 
threshold experiments for internal damage in a number of 
different materials from various sources.  In all the cases 
presented the data represent a large number of shots for 
a given sample.  There was a large amount of scatter in the 
data, as mentioned earlier; we believe this results in part 
from the varying amount of plasma formed at the entrance 
surface.  It is also reasonable to believe that there is 
an intrinsic variation in damage threshold from place to 
place in the same sample.  As a result, there is a range 
of incident energies over which one may or may not see in- 
ternal damage, depending on the particular location in the 
crystal.  For example, at a particular location in the sample 
no damage is seen at a given incident energy, while exten- 
sive damage may be seen in another part of the sample for 
a lower energy in another shot.  The data presented in Fig. 
12 reflect this fact.  The dashed line corresponds to a 
range of power densities where damage was not observed at 
some locations in a given sample and is terminated on the 
high end by the highest power for which internal damage 
was not created.  The solid line corresponds to input ener- 
gies where damage was observed at some locations in the 
same sample and is terminated on the low end by the smallest 
input energy for which damage was observed.  For example, 
let us examine the data presented for Cz Ruby L104 in Fig. 
12.  The dashed line shows that certain regions of the sample 
were subjected to power densities up to 7.1 GW/cm^ without 
damage.  The solid line shows that damage was observed in 
some other parts of the sample at input power densities 
as low as 6.3 GW/crtr.  Thus, the amount of overlep gives 
a measure of the definability of damage threshold for a 
given sample. 

The power densities in Fig. 12 are calculated power 
densities at the beam waist.  Mode propagation equations 
described previously were used to compute beam radius and 
divergence at various locations, The energy incident on 
the focusing lens first is measured by photodiode No. 2 
(Fig. 1).  This is converted to power by dividing by the 
appropriate pulse width (FWHM) as determined by the Tektronix 
519 oscillograms.  The power density at the lens is computed 
by dividing this power by the area of the beam at the lens. 
This gives a spatial average for the power density or energy 
density.  The energy density at the peak of the gaussian 
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Fig.   12. 
Bulk damage thresholds for a number of ruby 
and sapphire samples.  The power density and 
energy density scales are spatial ayerages. 
The power and energy densities at the pealc 
of the gaussian distribution are twice the 
spatial averages (see text).  The dashed 
line corresponds to power where damage was 
not observed; the solid line to powers where 
damage was observed for a number of shots in 
different regions of the same sample. 
Sample sources: 
A100 - Airtron 
L104, L105, L122 - Union Carbide 
C124 - Crystal Optics 
M118, M119 - Meiler. 
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distribution is twice the spatial average.*  The power 
density at the focus of the lens is obtained by computing 
the beam size at the focus. 

We wish to emphasize that these power and energy 
densities are based on the following assumptions: (1) The 
spatial profile of the output is gaussian with a 1 mm radius 
(1/e radius for the electric field.)  (2) the spreading 
of the beam is by diffraction only, and the beam suffers 
no distortion, focusing, or defocusing in passing through 
the ruby amplifier.  (3) The diffraction limited spot size 
is reached at the focal plane of the focusing lens. The 
degree to which these assumptions reflect the reality of 
the physical situation can only be estimated at present, 
pending further measurements. Measurements of the near 
field spot size at the oscillator output mirror give a 1 
mm radius for the 1/e points of the electric field (assuming 
a gaussian distribution).  This was done both by photograph- 
ing a pair of spots on a ground glass screen with a known 
attenuation difference and by measuring the sizes of burn 
patterns on Polaroid film, with the relative energies of 
successive shots known.  The measurements by both techniques 
agree to better than 15%.  Measurements of the far-field 
divergence of the oscillator give values that are higher 
than that expected for a gaussian, although the measurements 
are not highly accurate.  We obtain 0.6 ± 0.1 mrad (full 
angle) from relative spot size measurements in the focal 
plane of the 1 m focal length camera.^  The calculated 
beam divergence gives 0.44 mrad (8 « (2X)/(ITW0) ; full angle); 

''The gaussian beam radius u is defined as the radius for 
which the electric field reaches 1/e of its peak value. 
This is the radius for which the intensity or the energy 
density reaches 1/e2 of its peak value.  If we define a 
beam area A » TTW

2
 and divide this into the total energy 

Etot' we have a kind of average energy density.  It is 
easy to show that the energy density at the peak of the 
gaussian distribution is 2Etot/Trw2.  in most of the 
reports in the literature the power densities or energy 
densities refer to a kind of average.  That is, the total 
energy is divided by the "beam size" determined by some 
means or other.  This method is convenient when the spatial 
power distribution is not known. 

It is easy fco show that the 1/e diameter for the intensity 
is DT = /df - d|//Än a, where d^ and d2 are the measured 
spot diameters and a is the ratio of the intensities 
(ior  density 0.6, a = 4).  The 1/e diameter for the field 
is DE = «/2 Dj. 

20 



this is appreciably lower than that observed but is almost 
within the uncertainty of measurement.  Even though we are 
well below the saturation flux for the amplifier {4J/cm2 

compared with 15 J/cm2), the uncertainty in the effect on 
the beam properties of the amplifier is probably the largest 
and most difficult to estimate.  Characterization of the 
beam after passing through the amplifier will be carried out 
soon. 

F.   Dependence of Damage Threshold on Added Ti02 

Recent work of Nath and Walda reported a striking 
increase (40x) in the damage threshold in sapphire when small 
amounts (20 to 100 ppm) of Ti02 were added. We decided to 
check these results and extend them to ruby as well. We 
purchased Vemeuil ruby and sapphire samples from the same 
source used by the above workers (Djeva in Switzerland via 
Adolf Meiler Co.), both undoped and doped with nominally 
30 ppm Ti02. The thresholds for internal damage were mea- 
sured, and the results were found to be essentially opposite 
those reported previously. Table II shows the results of 
these measurements. The numbers in the table are given 
in pairs. As discussed in connection with the data in Fig. 
12, the numbers reflect the variation of threshold from 
place to place in the sample. Of the two numbers quoted, 
that on the left is the highest value for which damage was 
not observed in the sample, and that on the right is the 
lowest value for which damage was found in the same sample. 
We see from Table II that the thresholds for the titanium 
doped samples are at least an order of magnitude lower* than 
those for undoped samples. The reason for this discrepancy 
with the results of Nath and Walda is not known.  In addi- 
tion, contrary to the results of Nath and Walda, we found 
that the ultraviolet absorption edge for the TiC^ doped 
samples occurred at a shorter wavelength than that for the 
undoped sapphire (2600 versus 2300 A). This is shown in 
Pig. 13. 

G. Nath and G. Walda, "Strong Radiation of Laser Produced 
Damage in Sapphire and Ruby by Doping with TiOj,"  Z. 
Naturforsch. 23a, 624-625 (1968). 

♦These titanium doped samples are examples of ruby and sap- 
phire for which the bulk damage threshold is so low that 
surface damage does not form. 
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Fig. 13.  Absorption spectra of Verneuil sapphire whose 
thresholds are reported in Table II.  (a) Un- 
dopod.  (b)  30 ppm TiO-.  These spectra were 
taken with a Gary 14 spSctrophotometer using 
air as a reference. 
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TABLE   II 

Effect of TiO-  Doping on Damage Threshold 

Power Density for Internal 
Damage, GW/cm^ 

Without Ti02 With 30 ppm TiO- 

Vemeuil Ruby 

Verneull Sapphire 

5.4, 9.9 

12.1, 9.4 

0.94, 0.70 

0.36, 0.52 

T40 

Because of these discrepancies it is reasonable to sus- 
pect that we may in fact have different material from that 
studied by Nath and Walda.  The future course of this work 
is at present uncertain. 

G. Optical Pumping Experiments 

During this reporting period we have carried out a 
few experiments in which we optically pumped the samples 
while subjecting them to the Laser radiation.  Figure 14 
shows the apparatus used for optically pumping.  It was 
designed so that the sample could be examined closely between 
shots without the need for removal from the apparatus.  The 
experiments were carried out on two ruby samples and one 
sapphire sample. 

The samples were pumped with a power supply similar 
to that used for pumping the amplifier flash lamp.  In these 
experiments we pumped at two different levels (120ü J and 
3700 J) into the flash lamp (model FX60 by E.G.&G.).  As 
in the previous experiments we fired a number of shots 
(generally 10 to 20) at each pumping level for a given 
sample. 

The results of the threshold versus pumping experiments 
are shown in Fig. 15. Here the results are depicted in 
a manner similar to that of Fig. 12, where the dashed line 
refers to the powers where no damage was seen in some parts 
of the crystal and the solid line to powers where damage 
was seen in other parts.  The scatter in the data is rela- 
tively high, but nevertheless we can confidently say that 
there is no appreciable lowering of the threshold with 
optical pumping and, if anything, there may be a slight 
increase. 
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Fig.   14.     Apparatus  used  for optical  pumping experiments 
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Fig.   15.     Relative bulk damage threshold as  a  function of 
optical pumping  for different samples.     The  thres- 
hold are normalized to unity  for each sample   (un- 
pumped).     Dashed line - no damage;   solid line - 
damage. 
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One reason for the scatter in this c«se is th« us« 
of a shorter focal length lens than has been generally 
used (19 cm compared with 48 cm). We used this lens be- 
cause  the output from our system was somewhat lower than 
previously and we were not quite able to reach damage thres- 
hold with the long focal length lens. A more extensive 
plasma was formed at the entrance surface at times when 
the 19 cm lens was used, and an appreciable fraction of 
the light undoubtedly was absorbed by the plasma. The ex- 
periments will be repeated with the sample in a different 
position so that this will not occur as readily. 

We observed another Interesting phenomenon in these 
pumping experiments related to the location of the damage 
in the crystal as a function of pumping.  In ruby that is 
not externally pumped, we see damage tracks whose beginning 
is usually uniquely located in the sample. That is» for 
a number of shots at different powers we find that th« 
damage tracks begin at roughly the same distance from the 
entrance surface. The length of a given track generally 
will be longer for higher power. 

When the ruby samples are optically pumped, w« s«« 
damage tracks that begin at an appraciably diff«r«nt loca- 
tion "downstream" from the tracks for the unpumped sampl«. 
Harder pumping shifts the tracks even more. This phenomenon 
is revers.ble; results for a sequence of nonpumping, pumping, 
nonpumping, pumping are reproducible. 

Tie results of these experiments are shown in Fig. 16# 
where the location of the beginning of the damage track 
is plotted as a function of «nergy dischargad into th« 
flash lamp. The lengths of the bars on the plot r«fl«ct 
the variation in position from shot to shot of th« b«ginning 
of the damage track. 

This effect of apparent defocusing of the light cannot 
be explained as a sort of thermal focusing due to th« optical 
pumping; it is much too large for that. For example» if 
we were to assume that the ruby has somehow become a negativ« 
lens, we might ask what the effective focal length would 
be. Taking into account the distance of the entrance surface 
of the ruby from the lens and assuming that the shift in 
the location of the damage track corresponds to a shift 
in focus, we compute that the ruby would have to act as 
a negative lens of ^20 cm focal length, which corresponds 
to a radius of curvature of the end of the rod of i? cm. 
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Pig.  16.    Location of beginning of damage tracks 
from entrance surface versus optical 
pumping energy for ruby samples.    L103 
0.03% Cr*3,  L105 - 0.05% Cr*3. 
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Alternatively, we can compute the apparent change 
in refractive index with pumping to account for the shift 
in the position of the damage track. The relative shift 
in the distance from the entrance surface to the focus 
13  directly proportional to the relative change in refractive 
index.  This then corresponds to an apparent im.ox change 
of 40 to 50%, a very large effect 1 

It is difficult to account for this effect by postulat- 
ing any change in the linear refractive index. A decrease 
in nonlinear index that somehow depends on the degree of 
optical pumping is a possible explanation, but this should 
result in a higher damage threshold for pumping than for 
nonpumping. This may be the case, but there is too much 
scatter in the data to confirm this (Fig. 15). We also 
mentioned that  in the pumping experiments there was a sub- 
stantial amount of plasma formation at the entrance surface. 
It is conceivable that optical pumping of the surface plasma 
could lead to some defocuslng effect.  It is clear that more 
experiments in this area are needed, especially w.th regard 
to the relative damage thresholds. 

A corrola-ion for sapphire similar to those seen 
for ruby in Fig. 16 does not exist. The location of the 
beginning of the damage tracks in unpumped sapphire varies 
over a much wider range, depending on the incident energy 
from the laser, and any effect of optical pumping is obscured 
by this variation. 

When the incident laser power is close to threshold 
the damage is found farther "downstream"; as the incident 
energy increases, the location of the beginning of the track 
moves "upstream" toward the source. This is illustrated 
in Fig. 1*7, where we plot the distance of the beginning 
of the damage tracks from the entrance surface versus laser 
power incident on the focusing lens. 

H.    Plans for Next Period 

One of the first tasks to carry out will be the mea- 
surement of the beam characteristics after the amplifier. 
Dependence of damage threshold on the sise of the focal spot 
will be studied, and the optical pumping experiments will be 
repeated in an attempt to obtain better reproducibility in 
the data. The evolution in time of the daauige track will be 
studied using an image converter camera. 
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II.    THEORETICAL STUDIES ON OPTICAL DAMAGE 

A.    Introduction 

In the theoretical studies conducted for this project 
we have first established a broad outline or "scenario" of 
optical damage as it is caused in the best quality ruby and 
sapphire by laser pulses of order 20 nsec duration and 
shorter.  This general examination then led us to a concen- 
trated study of a previously unexplored class of mechanisms 
which we thought might play a central role in the break- 
down of sapphire and ruby.  These mechanisms involved the 
ability of a relatively low-density ('vlO^ cm"^) of cold 
photoexcited conduction electrons (1) to transfer energy 
rapidly and efficiently from the optical beam to the lattice 
and (2) to accelerate the excitation of even more conduc- 
tion electrons, thus aiding further in the energy transfer 
of (1).  In subsection B we review the general damage pic- 
ture as we see it, and then in subsection C the results of 
our studies of photoelectron dynamics in strong optical 
fields are presented.  For details pertinent to these sec- 
tions, the reader will be referred to a paper which is 
reproduced here as an Appendix. 

B.    A Proposed General Outline of the Process of Optical 
Damage in Sapphire and Ruby 

We have found it useful to view in five stages the 
over-all damage process in ruby or sapphire (often referred 
to as "the crystal"). These stages are as follows: 

(1)   Before actual physical rupture of the lattice 
occurs, a certain spatial and temporal distribution of 
optical fields that is able to initiate the damage process 
is reached or exceeded in the crystal. A comprehensive 
description of the threshold beam conditions for short 
pulses is far from being complete, being dependent on the 
outcome of researches on all the phases of the damage 
process.  Roughly speaking, it is believed that if the beam 
can deposit from 10^ to 10^ J/cnr in a small region of the 
crystal in less time than it takes heat to diffuse out of 
the region, then a rupturing shock wave will develop. As 
a working rule of thumb, a pulse of duration 10~8 to 10~10 

sec and of order 10"^ cm in diameter cannot exceed several 
times 1010 W/cm2 peak intensity without initiating damage 
in ruby or sapphire.  However, several remarks are in order. 
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First, the visual appearance of damage tracks sug- 
gests that self-focusing of the optical beam is instrumental 
in increasing the beam intensities into the damaging regime. 
This is not definitely established and is under investigation 
in this project and elsewhere.  However, if self-focusing 
is aiding ir. the initiation of damage, then the above numbers 
have grown out of some probably incorrect interpretations of 
data and may require modification.  To better establish the 
degree of self-focusing, a definitive measurement of the 
"fast-responding" part of the nonlinear index of sapphire 
and ruby would be helpful.  Early in this project, we 
examined the possibility that transient electrostriction 
could produce self-focusing at observed damage power thres- 
holds and found it to be extremely remote. Whether or not 
self-focusing is occurring from other mechanisms we view the 
subsequent stages of damage roughly as follows. 

(2) The intense optical beam next promotes a num- 
ber density of order 10^ electrons/cc from impurity levels 
into the conduction band. This can happen by the direct or 
"linear" photoexcitation process observed by Hochuli 
(Ref. [51 of the Appendix) at low optical intensities 
hS W/cnr) .  More likely, this excitation is produced by 
complex multistage, or even "bootstrap" avalanche, processes 
that resulted in the highly nonlinear photoconductivity ob- 
served by Belikova, et al. (Refs. [7.8] of Appendix), at 
high optical intensities OlO^-O W/cnr) . The studies of some 
new processes of the latter kind made under this project are 
discussed in subsection C. 

(3) The strong optical field seen by electrons 
reaching the conduction band imparts to them some added ran- 
dom motion (heating) and some coherent oscillatory motion. 
Previous workers have concentrated on the heating effect 
(Refs. [1-4] of Appendix), supposing that the electrons 
might gain enough random energy to ionize the lattice, pro- 
moting other electrons across the band gap {^  8 eV) in an 
avalanche process. We have examined this possibility in de- 
tail starting, as did previous workers, from Fröhlich's well- 
known model for electron-lattice interactions. We found 
to be negligibly small the probability of an electron's gain- 
ing even one eV of random energy at nominal damage intensi- 
ties (nlO^O w/cm ).  However, when we examined the effects 
of the low-energy coherent motion ('vlO--* eV) of a "cold" 
electron in the intense field superposed on the small thermal 
motions (appropriate to a temperature not much above the 
ambient lattice temperature), we found a potentially damag- 
ing situation.  These oscillating electrons spontaneously 
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radiate longitudinal optical (LO) phonons at a significant 
rate, much as an electromagnetic antenna radiates photons. 
(We also calculated the rate of stimulated emission of 
phonons by the oscillating electrons but found this to be 
negligible.)  Our efforts in assessing this phonon radiation 
rate are described in subsection C. 

(4) The LO phonons radiated by the conduction elec- 
trons have a nearly vanishing group velocity and do not carry 
their energy out of the region of the beam rapidly.  Although 
direct measurements of the lifetimes of the most important 
phonons (which do not have a small wavevector) are unavail- 
able, we believe that they decay rapidly into acoustic 
phonons in a time short compared to laser pulse lengths, in 
essence depositing a certain thermal energy very close to 
the electrons that radiated them. This means that there is 
an equivalent heat source formed in the irradiated parts of 
the crystal. 

(5) In the final stage of damage, the large ran- 
dom acoustic (heat) energy generated from the LO phonons 
forms shock waves which then rupture the crystal, generally 
some time after the optical pulse has passed.  It is not 
beyond the theory of shock waves in solids to estimate the 
strains developed as they propagate away from the heated 
region. However, it would be a formidable computing task 
and we have not attempted it. Other efforts in the pro- 
ject have been concentrated as outlined in the following 
section. Before discussing these efforts, however, we might 
make a few critical remarks about the above review of damage. 

There are various potentially damaging processes 
which lie outside the foregoing outlines. We have examined 
all of those known to us and have found them to be probably 
less important than those outlined, or at best only occur- 
ring in a final holocaust when they are not needed, if in- 
deed they would still be identifiable. Among the most 
prominent of these are stimulated Brillouin, Rayleigh, and 
Raman scattering.  In the first two instances, we have in- 
vestigated the degree of stimulation of density waves for 
purely electrostrictive and for absorptive (thermal) coupl- 
ing.  It seems very unlikely from existing electrostrictive 
data that significant stimulated Brillouin waves would 
develop. Significant gain from absorptive coupling exists 
if some mechanism (such as our conduction electron mechanism) 
can produce optical absorption of order one cm~^.  But at 
this level of absorption, damage from other effects of the 
heating will certainly obscure any stimulated effects. 
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Raman scattering cross sections are not well known, but 
there has never been observed at damage the distinctive 
strong Stokes and anti-Stokes sidebands that accompany 
stimulated Raman scattering. 

C.    The Role of Photoelectrons in Crystal Damage 

In this project we have examined two of the many 
questions surrounding the roles of photoelectrons in the 
various stages of the damage process which we outlined in the 
preceding section. First, we have studied the rate at which 
a single conduction electron transfers energy from the opti- 
cal field to the LQ phonons. Second, we have estimated how 
the presence of conduction electrons at densities of the 
order of 10^/cc  affects the rates at which electrons ini- 
tially bound to impurities (dislocations, foreign ions, etc.) 
make transitions to higher energy impurity levels, both 
bound and unbound. 

The first question has been answered with the most 
surety. Foitunately, sapphire and ruby are polar crystals, 
and in polar crystals the interactions of cold electrons 
with the LO phonons dominate their interactions with other 
phonons; and a particularly simple model of this interaction 
derived first by Fröhlich (Ref. [10] of Appendix) has 
proven to give remarkably accurate predictions of mobilities, 
effective masses, arid even cyclotron level shifts in a w;.de 
variety of materials.  The only parameters in this model 
are the static and optical dielectric constants, the LO 
phonon frequency (or its average), and the effective band 
mass of the conduction electron. Unfortunately, the last is 
not known for sapphire, but experience with other ionic, 
high band gap materials indicates it is easily within order 
of magnitude of the free electron mass. More fortunately, 
the rates we seek do not depend too strongly on the effective 
band mass, typically varying as its square root. A further 
complication is that the electron-phonon interactions in 
sapphire and ruby cannot be treated by quantum perturbation 
theory.  The dimensionless perturbation expansion parameter 
a defined by Fröhlich is roughly three in this case, and 
only for a <<   1 is perturbation theory accurate. The 
author, with others, has previously developed a method for 
treating such cases of "intermediate coupling" (Ref. [6] of 
Appendix).  This method is based on a minimum-variational 
principle.  Long experience with a certain two-parameter 
variational function has indicated that, used in computing 
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the electron response in the manner prescribed in Ref. [6] 
of the Appendix, this function will yield an optical absorp- 
tion rate for a conduction electron accurate to within ^10%. 
The uncertainty in the band mass contributes much more un- 
certainty in our final results, so refinements of the varia- 
tion function, or in other approximations in its use, are not 
warranted.  The numerical details of this calculation of the 
optical response, and from it the phonon radiation rate, of 
an electron in sapphire or ruby are given in Section 4 of 
the paper reproduced as the Appendix. 

The second question studied in this project sought to 
determine whether the presence of ^10^° conduction electrons/ 
cc could significantly affect the rate in which impurity 
electrons made up their ladder of levels and hence contribute 
to the very nonlinear behavior of the dc photoconductivity 
observed by Belikova, et al. (Refs. [7,8] of Appendix), 
in what are probably tHe only high-intensity experiments re- 
ported to date which avoided many spurious effects of surface 
conductivity. The impurity level structure of sapphire and 
ruby is seen to be very weak but very complex from existing 
infrared absorption and luminescence data.  Unfortunately, 
the densities of impurities of different types are completely 
unknown as is the structure of any given type.  One can make 
crude estimates, however, with various physical models, of 
the transition matrix elements required in a simple Born 
approximation or dipole approximation treatment of optical 
field-electron-impurity interactions. Using what we felt 
were conservative guesses, we found that the impurity transi- 
tion rates could be affected in an important way by the 
conduction electrons. This is especially true for the 
majority of bound-bound transitions normally not resonant 
with the optical beam, for these transitions become allowed 
when the conduction electrons can carry away the excess 
transition energy. Optical cross sections for such electron- 
enhanced transitions are found to be of the order of 10""^ cm^. 
Therefore, impurity densities of order 10^-' cm"^ might bring 
these processes into contention, if not dominance, over 
direct photoexcitation. The details of these calculations 
are given in Section 5 of the Appendix. 

Many other questions surrounding the role of photo- 
electrons in damage have been or are currently under study 
(see, for example, the Appendix).  However, without much 
more reliable and wider range of experimental data on the 
impurity level structure and conduction band characteristics 
in optical materials of interest, definitive answers cannot 

35 



be found for what causes damage, how to prevent it, and how 
to detect damage-prone crystals before use.  Fortunately, 
laser sources provide an unprecedentedly powerful tool (that 
has as yet been little used) for studying photoconductivity, 
photo-Hall effect, luminescence, and other properties of 
very weakly photocondurtive materials, such as ruby and 
sapphire.  Progress in controlling optical damage may be 
anticipated from knowledge gained from such studies in the 
fut ure. 
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Previous workers have discussed the possibility that electrons photo- 
excited into the conduction band of a polar crystal by a high-intensity,   short 
optical pulse may qain enough energy to damage the lattice by initiating an 
ionizing avalanche.     We discuss here other processes by which these 
conduction electrons may damage the lattice even before they gain enough 
energy to ionize their surroundings,  specializing our calculations to the case 
of sapphire and ruby     First,  we show that the energy that the conduction 
electrons absorb linearly from the optical beam is deposited almost 
immediately in the lattice without significant heating of the electrons.    At 
electron densities ( ~ 10'° cm"3) and optical intensities ( ~ IQlO W/cm^) 
likely to exist at sapphire damage thresholds,  this deposited energy is found 
to be of thr order of what one might expect would be required to form a 
rupturing shock wave.    We also show that the photo-excitation of both bound 
and unbound impurity levels is enhanced by the presence of conduction 
electrons,   so markedly so for the former that the promotion of electrons 
into the conduction band may be significantly "bootstrapped," thereby 
increasing the optical absorption.    The presence of conduction electrons and 
excited impurities in the expected numbers is likely to alter the refractive 
index significantly and affect thereby the focusing (self- or external) of the 
beam in a complicated way.    For the simplest model these nonlinear index 
contributions would tend to produce repeated focal regions along the beam. 
Implications of these results for raising damage thresholds are discussed. 

Keywords:   Crystals,   electrons,  optical damage,  photo-absorption, 
photo-conductivity,  photo-electrons,  polar crystals, 
ruby,   sapphire,  self-focusing. 

1.     Introduction 

The physical processes responsible for the bulk damage caused in various transparent crystals 
by short optical pulses (causing negligible ele^irostriction) have not yet all been identified.    Here we 
argue that several processes not considered previously arc likely to be important in the optical 
damage of inclusion-free polar crystals,  especially sapphire and ruby.    For their initiation,   these 
processes '.vould all seem to require on the order of 1016 conduction electrons per cc to be present at 
the point of maximum optical intensity,  a number widely suspected to be present in sapphire and ruby 
at peak intensities ~ 10'0 W'cm^ just below damage threshold.     Wc wil' argue here that such densities 
of cold electrons can a) transfer damaging amounts of heat from the beam to the lattice; b) accelerate 
the rates of photo-excitation of bound and free impurity electron states,   thus significantly increasing 
the supply of conduction electrons,  possibly even in "avalanche"; and c) significantly change the local 
refractive index,  possibly in a way which,   in conjunction with the normal nonlinear index,  could cause 
repeated beam focusing along its axis.    In none of these processes do the electrons become hot enough 
(~8 eV) to ionize the lattice,   in contradistinction to the process suggested by previous workers [1-4]^. 

Work supported in part by the Joint Services Electronics Program (U. S. Army,  Navy,  and Air Force), 
under Grant No.  AF-AFOSR-69-1622A,  and in part by the Advanced Research Projects Agency through 
Air Force Cambridge Research Laboratories. 

Figures in brackets indicate the literature references at the end of this paper. 

Presented at the ASTM Symposium on Laser Damage,   Uoulder,  Colorado.   24-iS 
June 19T0 and will be published in the Proceedings. 
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Hcnco, wc «ill r<-UT to th>'tu •■ "cold'   conduction electron*     How Ih« danui»;«* procvssot diicutavd 
here di-pvnd on crystal ii lupiTaiur«',  optical wavelcnmh «nd puUc dur«iion i« « complex (unction u( the 
energies and M.ivrfiuu tion;   i>f the «tatca of the iinpuritiei «upplymn and trapping conduction electrons, 
the elcilron»' iitciiivi« tit.i«a(i'!i),   the longitudinal optical (l.O) phunon •tructurv,  and the electron- 
phonon coupling      AIIIKUI^U only tin- latter two art- uirly well known tor ruby and tapplure,  plausible 
hypothoio« aliuut Mu   torimr 1>M«I one to single out the procrtsi'« we propose as (lotentially intpuriant 
to dainac«'      It wonlil .iinnar iti.r  ndm inc donor i om enlration» or incrratini: their electron bitnlini! 
energies nMi;hl proilui .• more tl.nn.i^i--resmlant crystals      llowtver,   it the i uniliu lion cli'Ctron density 
were proportional u> ciptu.il inii-nsity (whu h appear» not to lie the case at sui h \\ifh intensities),   it 
would tend tu retime »ell - liu usitu; (or produce a net delocu»'.»»:)  ind thereby lowet damage thresholds 
Other conclusions .tml sui;i:e>ttcil 'xperimental checks ot etclron processes an  menliuned in the (mal 
Section In the lollown.v; Sei lion i we suiuni.irize the paiameters ind phyucal regimes we encounter 
in ruby and sapphire and we outline our rou' li criteria tor vkheii daniaue is expected      In Section  1 we 
dedne the appro.u h we take lor ev.iluatiui: ' .e required parameters and ilimu^s dilluulnes with 
previous caUul.it mn» >>i the conditions unx   r which hot ioni7.iii|! electrons ini^hl be produced       The 
calculations of the i'nh.iiiceinent by londucuon electrons of lattice heating and pholo-oxcilalion tullow 
in Sections 4 and S      liefore proceedini;.  we first summarise our assessment of u(ten-con(lictinl> 
reports on photocondui tivily in ruby and sapphire 

Hochuli   S" has measured the low-(requency photoconductivity at various wavclenjithi and temper- 
atures of ruby and sapphire at optical intensities 1-. 0. 2 to S W/cm*- and using applied voltages at 
(requrncies zero 11/,   100 ||/.,   and ')   J'» GHz     lie found no essential differences in results (or the two 
crystals      I he observed conductivities (at 5 W/cm') were 4 x 10"l',   10-1',  and 4 2 x 10-8 (JJm)-1, 
respectively,   at the above frequencies     Since all these frequencies are well below the electron col- 
lision frequency (which from the theory o( Section 4 we estimate to be ~ lOl-* rps),  the wide variations 
in results indicate the magnitude of experimental pitfalls in any attempt to measure such low hulk 
conductivities      Anomalies at the two lower (requcncies probably arise from surlaco effects,   from the 
inability o( electric contacts tu inject charges into the crystal,   and from space charge buildup.     There- 
fore,  the 9   iq G1U value,   obtained in a microwave cavity with a small electron drift excursion 
amplitude (o( the order of an Anstrom), is probably the most reliable.    This conductivity was linear in 
the optical intensity within the range of observations.    Its wavelength dependence suggested that the 
electrons were supplied from donor levels between 0 b and I   2 eV below the conduc   on band,   in 
agreement with what one would conclude by studying the normal hulk conductivity vari  'ion with 
temperature at higher temperatures.    The wavelength dependence also suggested mure donor levels 
appearing around i oV.    Although Hochvli was able to observe a Mall voltage,   it did not vary when the 
light was turned on or off     The nominal Hall mobility value M - 0 052 cm^/V sec    derived therefrom 
has nevertheless been used without question by other workers whenever a value was required in 
calculations      This value corresponds to a collision time - of 4 x 10"" sec   ,   or an electron mean path 
of the order 10*'u cm,  and must be considered   unphysical,  corroborating the difficulty of making 
electrodes on sapphire     t'sing the standard Fröhlich theory of a conduction electron in a polar crystal 
adapted to the large i ouphng constant of sapphire r6',  one estimates - (at room temperature) to be 
between lO"'-*  "* and 10"' ''• ■* sec, depending on where the c((cctive band mass lies between 1/10 and 10 
electron masses      Assumin: a free electron mass (or which -  = 7 x 10*15 sec (and p - 12 cm-/V sec), 
one would infer from Hochuh's microwave observations that he produced-» 2 x 10" photo-electrons per 
cc with 5 W/cm^ of broadband Hg lamp exciting intensity.    Wo see from this that 10lt electron* per cc 
would very likely be excited near damage thresholds of 10'® W/cm^ provided that 10'^ donor levels jvr 
cc were occupied,  a provision which is unknown 

Except possibly for the experiments of (U-likova,  et al    r7, 8],  other reported observations of 
photoconductivity in ruby appear to be plagued by surface and contact effects.    Bclikova,  ot al  , 
observed the photoconductivity to be highly nonlinear with the (6941 A) optical intensity 1 for intensities 
near lOlO \v 'cm^   7'     One can use our value of - above with their data to estimate very crudely (since 
their beam geometry ".is unspecified) that they were observing well over 10'" eleclrons/cc at 
lOlO W/cm- (provided that the electron recombination time was short compared with the optical pulse 
length)      Helikova,  et al   ,   also observed optical emission bands near 2,  i. 7,  and 1 cV (they could f.c' 
• ee below 2 cV) which are suggestive of some impurity level transitions      The foregoing is about all 
one can conclude about photo-electrons from existing data for ruby and sapphire. 

?■      Description of Klcctron Interactions 

In studying the role of photo-excited electrons in crystal damage,  we will constantly apply our 
formulae to the case of sapphire and ruby     The phonon structure of these two crystals arc essen'ialv 
identical,   as are the low - intensity photoconduc'ivities.    Althuugh distinct differences in damage 
behavior have been observed,   the uross damage thresholds are statistically indistinguishable fer 
sapphire and ruby     Therefore,   most pertinent aspects of these two crystals can be studied together 
For brevity,  we shall refer hereafter only to sapphire, but shall intend our remarks to apply also 'o 
ruby unless stated otherwise.     We shall also assume throughout that the optical beam wavelength is 
6943 I,,   that of the room temperature ruby laser. 
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A free ciicirun fa* of rieneily lO" cm*) ha* a plasma (roouency w-«6 x 1012 rpa that iu much 
lower th.tn a) tho optical beam frequency of interest <) (2. 71 x lO'* rpa), o) the phonon frequencies u^ 
(« lO'4 rps), and c) typical electronic excitation frequencies ( «. 10" rps). 

We shall call a conduction ele.iron 'cold" when its energy is much less than interband energies 
and its «avelength is much lonuer t 'an the scale of potential variations of the field lattice.    Other 
clrcirom wc will refer to as "hot  "   Tht- time for cold electrons in the 1/40 to 3 volt range to cquili- 
bnale amonc tach other by collisio is at a density lO'^ cm-1 is of the order of 10*'° to 10*1 * aec „9], 
much longer than the inverse elcctr in-lattice collision lime ( -. lO*'* tec in ruby).    Therefore,   at 
lead before any largi- ionising; avalanche occurs, the cold conduction electrons may be studied as 
independent particles,  nut inlcractin« among themselves but interacting only with the fields and other 
panicles in thr crystal. 

When a cold electron tnoves in a polar crystal such as ruby or sapphire,  it is often called a 
"polaron "   It« interaction» with the crystal phonons arc known to be well-described at room temper- 
ature and abovi- l>y the- llamiltuntan derived by Fröhlich JOj and used by all previous workers in 
calculating electron motions leading to damage: 

»F r ho * VF (l) 

where 

»•0 ' ^£ - AW2 t Ek ^ aj ak (2a) 
**       «**       <M      aw 

and 

vr ' Zk Ck "k * ~ ~ + h c (2b) 

Here p is the electron's momentum, and x the electron's position coordinates, ai. is the annihilation 
operation for a LO phonon of frequency ML*.    Optical wavelengths are long enoug(rso that the vector 
potential A(t) may be taken as a function of time only oscillating at a frequency ■>■    We use dimension- 
less "polaron" units in which the effective band mass of the electron m^ is unity as is Planck's constan' 
0.    All energies are measured in units of an effective LO phonon energy ♦."„ (680 cm'l or 980° K for 
sapphire and ruby)      Frequencies arc measured in units of (J0 (= 1. 6 x lO'** rps) so that v  = 17 for a 
6943 A beam in sapphire.    Lengths are measured in units of («i/mj, w0)t which is 8. 5 x 10-8 cm for ruby 
if we take mb to be the free electron mass m„.   .Fröhlich showed that in these units the coupling 
coefficients C^ are well approximated by V'1i3'4«1'*o k*1 where V is the crystal volume, a is the 
dimensionlcss polaron coupling constant (t*1 - cö ) (Ryd'/ftw0)|.    Here Ryd' is the Rydberg for an 
electron with mass m0,  and c and c0 arc the optical and static dielectric constants (3. 1 and 10).    For 
m^ z m0, a — 3 for ruby.    In ruby an electron is hot if k is of order 10 or more (in polaron units).    Hot 
conduction electrons have neither the simple forms of kinetic energy or lattice interaction energies 
found in eq (1) but obey complex equations in which exchange must be accounted for and which have 
never satisfactorily been approximafed in usable form for a dynamic lattice.    There would seem to be 
no way at present to make a reliable estimate of how strong an optical field would be required to 
produce enough interband electronic transitions (i. e. ,  lattice Ionisation) to cause damage. 

From the discussion of the previous section,  it is evident that the electrons photo-excited (below 
damage threaholda) in ruby and sapphire crystals come from donor impurities to which they arc bound 
initially «ith much less energy than the valence-conduction band gap energy ( ~ 8 eV).    The effects of 
these impurities on the supply and motions of conduction electrons,  as well as on the excitation of the 
donors by conduction electrons, can be studied by considering the Coulomb interactions vt between a 
conduction electron at x and the i'^ particle of the o1*1 impurity having charge eqfand located at r^. 

^ I ^w | 

"i'S^L  tnz-iW o) 
i, a 

where the electronic charge c is 4 in our polaron units, and is screened by the dielectric constant cs 
appropriate to the frequencies of niotions under consideration. 

To deal with the elastic scattering of the electrons, one needs only the matrix element of eq (3) 
diagonal in the impurity',   ground state.    Tl>is gives an effective classical scattering potential seen by 
the conduction electron.    To study inelastic scattering, we will assume that the impurities may be 
described by an unperturbed Hamiltonian h. = "_ h,a with "ionized" or unbound as well as bound 
electronic eigenstates.    Calculations will tnereforc start from a total HamiHonian H comprised of 

39 



Kruhlic h'a M.iti>iMi>iu4it ■ i) (I) (»Ku *i Uc. itltc* t »»lil rlt'Cdom,   |>hont>na.   4H>I ihr if tnivr«« liunil plu« 
Ihi- rlfilf'.n  iiii|njriiv   .lit ■ r 41 < >'>ii«  11I • «J ('I 41»! «il)> li    ilrttl nunlli^ im|>ufiiv  •••lp* 

II       hu   •   h,   •   v,.   •   v, 14) 

Wr »ill 4»»>ii>><   'fiii •l.iin.i^f 1.1 !>><• 1 rv*l«l IKT• ur* «»hrn ihr mirr4t <iuna » 1   «IMI %i   comblnr«! 
cautr lh>- > OLM ii ■•!. 1 ' r    11.  '.. .ili*i<t li ji thr 1 iiv   l' I»« f • tttl»   « • ntin» ■ > f  »iil> 4  •lt.ir< u|iil< 41 |*«il*r 
th«l •■kcci'-li   ■  1 Kr i il   -I'l   v ilu'    l' |        ; K4I <•,   w«   •h4ll  tl r i\ .   lu ilrit f •Mini   4<  «H«) ••|«lli «I t» «lit mU'iitHy 
wf iii^y cnjn« < 

U »   Uo CM 

Prr»!*!»! rvi.lnu •• im!'.,  I'I-« 'h.i "^ 1* o( .>r<lrr  11* in 10     '  tin    it>r »«•>» JH«! ■4|>l,hirr lor »0 «•« 
pulart  in .1 li.  im ••!     1 ti-r    'ix    I''), itinurli r        \ «hot» »4*1   »I <)■■• rtfit\  «u( roitndltti; ihr I» 4 MI »uul'l 
drvrl>i|) iln'»»!« .'it '' .   .'!■:• r  ■•! <).<   »i.,!!,   yu-M  •irat*     > lMt\i<-u«U  ■> !.>(.-•   I>4(< <>l wivl« r •■4rHlii<l; 
uplital 1)41114»;'    ■'< • it   ' i!>  •i.'.iil« tl< vi U>!'-   >'  •••'  4«»ur»l«   ihrurv   'I '•"• <iii>i>uni "I i-nrrty d<'|»i»iiiuii 
rM|Ui*p<l '•> |>r'"!ii> .- r .:■'* ur in,- •iriuo .l^ 4 luti>iiun »| iht- 4iituuni jnd •|i4<i4t unrf ifiii|»iral 4l*<ribuiion 
of Ihlt dr|Mi»ili>>n       l|i<vk <-\ 1'r.   •«•  »i.-ill lonlrnl tiurtrlv«« hrrr »llh ihr 4l>»vi   ctutli- ••litiijlr  (or  t'0 

I        ApproAchr* lo ihr ( «Uulaiion ol t>«nu(r  thmhuld« 

Prcvioq» itt .|if..-ni» •>( 'hi' rol.- of • !rt iron* m djn>4i;r    1.4   ai^rlrd (rom rrohlit h • IUnii|iuni«rt 
eq (I) •»""I   •txiklil  '" 1  '!< ul.i'i- '•..• IIJIIUJI inUMi«i!v 41 whi« K «•Iniron« «ouhl 1:41" enough rnrtfcv u lo 
cue lie »n 4V4I tin >>•   ■■: iniiTiun't trau« it ion»       I hr •-«(•n ird enrrj» u o| »u <• In iron in I In  u|rti(4l lie Id 
W4* caliiii4ir'| tnmi ■>.,■ .-«fuitiMn 

ar   Ri. • R.i (fc» 

Vkherc  l<|,. >« Ihr .iv< r ■ :■   r4ir .11 «huh Ihr o|>lu4l lirld dor« tuork on the rlrtirun «nd Mr.  I« Ihr 
avct'iiM* r.itr .i" «.hi«'   ■).'■ . \. 1 ''1 rlrdror    r4'!t4irt    phnnona,   1 r  ,   ir«n»lrr* H« ent-rev lo ihr 
IAIIK«.     I'r<vi"vi» 'r.-.itm. nt»    ,i\.   .(ll i^'tri l«>r  Kjt. ihc u*a«t llnr«r «torwlut uviiv Int» per rlrttron «riih 
rraton^bl.   oflrr >>t f<..t,MUI<i<|r     :'iiii4lp« (rom r«j (|| (or ihr opiual conducii%iiv lor    rl.tiron 
rollmon r4'r   )      II' •*••%. r.   •,' •■■,   li.ivi- iii4<:r 4|>t>rokini4iion« lot,  or •Mlmrni« abuul,   l',.| ihti »rr no 
dlmlly b'tii« ■! »u   • ') .. n- u.; .i\>t.ii:r "I il <• 4|»!it»i«r i«l'- oprr4l<»r      U«a    -rnj^n   I ] look l»r Hr. ih«? r»ir 
al «ihu h 411 '-liiTon h.i .   nt'  .1 NtaxvkrKian •'i»* r iSut ion «otild lotr rnrruv to < » «■••Ipr IjHir.- in ihr 
«btrntr of Ihi   ojiti,   ,|   ;.,•',.' (,\      0)       ||t. prrdtt'r'l HrraMown intrnalllr* ordrr« «1 ntacniluilv «Inivr 
Ihoir «du-illv ••'•-•■r-.-  '      s\i-r«\.   .1 4I      I   ,   uard lor Ht. ■ ihr 4ppro»«"-«!<- r.i'r »I »hith »n rlniron 
«kiiul'l Ion   i-r,' r , v '•   ' • ••  ' 1'.';       • • ir ' ir.c '"i«"»   • i*«o">rnla»n r i(;.n»t4ii- it»*   inr «hu h i p        u «I»n in th. 
abiirnr r ul thr     ,.1 n 11 t.. i<l      111« |>rr<lii tr<l ihn «ho Ulf 4l«" < \< • idrd ob»«,r v> •! thr «ahold« by nv>-r t»o 
ordrr« ■>( mai-n;'•i<l>'       A •■  IrrI  n  ■• quiir probablr thai 4 prrcta«. rvaltMllon ol ihr aprdral ■•nrray 
dialiibulim «it   i-. .•!■      1. n obrv "»: «q (l> «ool'l »hoi» 1(141 Ihr rlifiruna do in I4C!  rrni4ln loo cojl to 
lonirr iiii(>iiriti>  .    ir • h.   I itlii •   .i' npiiC4l l.rld»  brio« d4in4iiir ihrrthold*      In Ihr n« »I arcllon «>   «ho» 
thai,   tn<lrr<t,   <   -r.!« ■■ n«   *,th phunon« «ton in^'r 4n rlrclror a mo'loti      \* r have rhrcln-d «h4l  li (olio»« 
riKorou^'v (ro"   . <| '; I ■ h.i'.   'o 1   »t »t ..r";< r in 1 hr <»pi i< jl mlrntiiy «ml coutilmi.- p«r4mi>lcr a,  «n 
«•Ipelron'« •■xi>.<,.'t •i".,i.   •■n.-r.v 1« «HTVIIV ''■<■ «uni o( itt •'••hi r. nlly otc 1II4IIKC < nrrcy plu* Ik r/2 
«hrrr T n th^ .itnlo.n"  '>"'II.- t. •!,;M r.»iiir.        ; hr cohrrrni rni-r^y 1« very much «mailer ih«n kf lar 
optical in'rn* 1! ;• » ■•    ;n,.ri<>i       I h-r« lor«-.   1» <   ro« pr»crr<* in •■««ntirtp «hrihrr told clvclrona niay not 
mcds«li- ihr «IJ-JM-« i" !■ ti   it •!.« >• .i,;!!'t. .-ti'our.'« ol rnrriry in « aapphirr lallur 

A« »r 'ri'   itionr-i  in 'hr prrviou«  «nlion,   out  approach «ill hr In r«lcul«lv ihr bram inlcnaily «I 
which Ihr rni-r, v   I'       ;-o«itp<l prr unit vol'im<    in ihr laMiCr (rom Ihr opllc«! (irld via ihr clpclron« 
pucrrda a ihrrth •!! v^'.ur "        If (hr maximum optical beam rnrri;y per unil ar«a 1« S.   then 

U       »     S f7| 

whrrr » .    1« ihr .ihaorpdon prr unit  li nglh of an optical beam of frrqurncy ;       FollovninK T'lIP '(•).   •• 
»rdr (hr quin'uiii .xjnt'.iiion v-ilur of 'h«  an pli'iidr of an «-Irriron*« coordinate at (rrqurncy > »• 
Rp llr''1'!- ■•'•%.,) vkhrn thr r'.rctron 1« in «r. optical PU-CIMC firld Rr ^>,■'',.    With Ihla definition w* 
h4Vi- 
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unit 
r» » it ihr «ravrlrnutti ni \hm ii|:hi in ih« crytul * 2« and w   !• iht «Irciron pUima frequency (in 
• ol - (     In CK* unit« -*      <<«-r'/m|> wilhebomc ih» numbtr drntlly of rlvctront 

Thr rv4lu4itnii of»     («IU noiurnlly into «»«» parti: Itril,  the determination of the rat« at which a 
• inflc coiflut iion ell tiro/. laWv« >ni-ri:y (rum il.r (irlii (and dtltwr« it to thr lattice) by a calculation of 
\/, and iicoo<l,  ihr • «tiniaMon ol thr numbrr dmaity a uf thear clvriron«     We consider Iheae two 
queiticin».   rr»|ir« tivi'ly.m ihr (ulhmine two antiont 

4.     Optical Rrapont« of Single ItUctron 

We r»«minr flr*t an rlrrtrnn'« optir«! rrapontr in the c«tr ih«i it n affrclH only by electron- 
phonon iMrfjction»   •« il-»ctibv<J by I'rohlich'« llamiltoman r«i ill wiih coupling parameters approprlat« 
to tapphiri-     Mr thin fin<l that,   at Iratt at room temperaium »nu «buv«-,  collitiont with impuritioa 
arc irlaiivrly Irak iiii|Miriant      Whin the rlrctron rotponte it linear in ihr applied field for a given 

■lallicr ttmprratutr,  »•   luay u»t   ihr drtermination ol , ^ by nill' »hu «.aUalalrti the quantum rapected 
value of the ilectron   M>«iiion to lirtt order in thr optical Held.     Iheir eapretaion it exact for all 
lemprraturet »t tnull < »uplink (« •   •• *nd gives an accurate tolution even when o — ) as for ruby     In 
this catr it thiiw» iliji.   lor ;      I 7,  both the rral and imaginary parts of ■ , are much less than »* so 
that »r nr««l only < alt iilai«- Im» , to estimal« the absorption constant.    ( fhe Re »,, c an of course be 
detrrmlned from |m ,    by Kramers-Kronlg relations.) 

o 

Here v and w are naramrters to K« chosen from a variation«} prlncipi*.    a   * fi 14 * Kfi coth(pv/2): Here v and w are naramrters to he 
R • (v' ■ w') / (w2 v|. and b •  Rfl » lnh(0v/2) 

In the weak couplme limit v « % »  ).   R • b • 0 and a ■ 0/2.    Then the Integral can be evaluated 
exactly in terms of modified Itessel functions.    At temperatures much lower than the Debye temperature 
Ifi largr) this rrsuli rrducrt to 

Im x    - 2«(«   •   l^/i  :•<!.   p>>l.   •>!. (10) 

For a •  1 and j     17. this Is S.    The leading correction to eq (10) for finite temperatures multiplies It 
by (I « p*').  increasing it by IC. at room temperature ifi • >. )). 

When o <   1, thr variatlonal principle gives v > 1.4 and w • 2. S5 In the aero   emperature limit !*•' 
Using these parAimirrs with |l •  }. 1 gives R ' 0.22°   a < I. 866 and b •  5 SI s 10-1.    We have evalu- 
ated eq (4) numrrically for three parameters and have obtained Im v.,  »  1$     We have also evaluated eq 
(4) at frrqurncirt In ihr nriiihbarhuod of ^ > 17 and found that,  as in eq ("),  Im x,. varies slowly with ■ 
Therrforr.  rlidrun irjntirnts associated with the rise and fall of even picosecond optical pulses are 
very snvall.   and M i* J tood approximation In practice to assume that at any ineiant the electron's 
motion it thr •amr .tt lor .i purely sinusoidal field of amplitude appropriate to the intensity at that 
instant      Ihr fast rrtpuntr of the electron's motion,  as evidenced by the nonretonant character of t.) , 
together wiih ihr knowlrtK-.- that.   M intensities of Interest,  the electron is gaining negligible energy 
(stavinp  'cold ).  Implirt Hut ihr absorbed energy is being pasted on essentially inatanianeously to the 
phonons via ihr couplim; rq iih).    Therefore,  it is valid to obtain the rate of deposition of energy In the 
lattice by drtrrmimrv thr rate at which the electrons absorb energy from the optical beam,  and we 
return to this ptoblvm. 

When a room irmprrature correction is made to v and w, we guess that, as for small a,  the 
result Is raised by around 30**« so that the Fröhlich model may be taken to yield 

Imxv^20 (||) 

for a ruby laser beam driving an electron of band mass equal to a free electron mass In ruby or 
sapphire at room temporjture.    The main uncertainly in cq (II) comes from the uncertainty in the 
effective band mass mj,.    Im x^ varies roughly as m{''. 
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If Ihr icmprraturo goei higher ih*n the phonon energy but is ftill amAll compared with '■>,  then eq 
(9) yirhl* 

Imxy   - 4o i>,/2/(ip)       :      o <<   1.   I << P'1 << w. (12) 

• howinit thji ihr hfatcd Ijitiici' CAUIPI the elvctront to absorb even more light.    Not« that the "Q" of the 
•leclron't <>tcilLi!i»n,   •■■/(.! tm y ,),   is of order 7 for our estimate eq (I I),  showiiv that indeed (he 
optical frequency is much larger than the effective electron collision frequency as we assumed. 

One can see at this tv.int that absorption by conduc'ion rloclrons may cause damage,  for,   if (he 
• lectrun di-nsity wrrr 10''  en*1 at an optical intensity of lO'O W/cm^ (which thf evidence outlined in 
Section t  suiiiiesti as a conservative estimate),   and if rq (II) wi-rt- valid,  then ^X " 10*    and eq (H) 
■iv*s «    — 0 012 cm'.     For a  )0 nsc pulse this absorption would deposit 40.1 per cc in the lailico, 
■ome«hat less tmin thi- value U0 expected to cause damage.    However,   Itelikova,  et al.  [7),  jjave 
convincing evidence that the electron density ia increasing very rapidly with optical intensity at the^e 
levels,  an occurrence «hich we expect for reasons given in the following section.    Before considering 
(actors whuh affect the electron density,   however,  we consider contributions other than those ol the 
linear response eq {■*) to electron damping. 

First,   the question arises as to whether there are significant intensity-dependent corrections to 
the electron response at the optical frequency as represented by eq (9).    (Responses at harmonic 
frt^uercy multiples do not contribute to the average work done by the optical field on the electrons and 
so we need not const.Icr these here. )    There are two types of nonlinear corrections to eq (9): first, 
those arising from the nonlinear reactions of the phonons on the electron,  and,  second, those arising 
from the intensity-dependent deviations of the momentum distribution of electrons from a thermal 
distribution     We have eitinjtpd bo.h effects by expanding the quantum expression for the expected 
electron potition (and velocity) to the (iilrd order in the electric field.    We have found that both effects 
tend to dimmifth the optical absorption from its linear response value,  a result expected on the physical 
grounds that electron* of hicS energy interact less with the optical phonons than do low-energy 
electrons      ;'or both corrections the natural dimensionless expansion parameter is (k0 r0)^ where k0 
is the wavevector ol an electron having energy 4tf and r0 is the classical amplit^ide of a free electron 
oscillating in the applied optical field.    In our case this parameter is -» HW/cm") x 10*' V    Since 
optical iniensitle» have not yet been observed to approach even 10"  W/cm* before damage,  we con- 
clude that the nonlinear corrections to eq (9) are too small to be of importanc  in present considerations. 

Next,  we   see   why, under conditions of interest here, phonon scattering of conduction electrons 
dominates scaltrtitn: by ionised and un-lomsed lattice impurities.    For each conduction electron there 
Is in the lal'trr a heavy positive ion whose charge is shielded roughly by the static dielectric constant of 
the lattice ('0 — 10)      !he linear absorption by 10't> electrons per cc in such a two-component plasma 
at room temperature is - IO-t> per cm   II ].    This is so small compared with phonon effects that one 
can readily appreciate that even it 10''' per cm* of electrically neutral scattering centers were added 
to the lattice,  one would not expect them to scatter electrons as effectively as do phonons at room 
temperature and above      This predominance of phonon scattering at or above room temperature has 
been observed in various «ays even in crystals whose electron-phonon coupling is much smaller than in 
ruby and sapphire   1.*        Having estimated the optical response of a single conduction electron,  we now 
proceed to consider how their numbers are affected by their interactions with lattice impurities. 

S.     Conduction ESectron Interactions with Impurities 

From tncompleii existing absorption '1 )* and luminescence '8] data,  it is evident that sapphire 
has a compl«.-.- impurity level structure with energy differences ranging up to at least ) eV.    Light of 
any single npiic.il »avelenijih.   such as 694) A,  will not be resonant with a significant fraction of the 
bound-bound 'ranniion» .ind,  of course,  will only excite transitions to the conduction band from bound 
Irvrls within I   H eV of the band edge.    If,   however,  the light became effective In exciting a large frac- 
tion of the bound-bonnil ir.,nii ions,   then cascade transitions of electrons into the conduction band from 
levels lying more than I. 9 i V below the band edge might dominate direct photo-excitation.    We shall 
now show that,   at conduction electron densities ~ lOlu cm*',  the light does become so effective in 
exciting bound-bound irar.snions with which it is not resonant that cascade photo-excitation may become 
important in mcreasini: the conduction electron density near optical damage intensities.    Thast non- 
resonant transitions .ire possible because the conduction electrons readily absorb the difference in 
energy .>  - ^j between an absorb<d photon and the energy of transition between the upper and lower 
states \h\ and | aV    V. e now show that the rale R-h for a typical impurity to make such a transition, 
multiplied by a reasonable impurity density ( — I0»9 cm"1),  may exceed the total direct photo- 
excitation rate,   and thereby initiate cascade Ionisation of impurities. 

To calculate the rates Rgb it is convenient to re-express the interaction of eq ()) a. a Fourier 
transform (the impurity index a is now omitted since we are considering only one impurity): 
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'»'IKV"'* U3> 

when- vj. is the impurity operator 4we    V'    e,    k"   £• expik- rj and V ia a fiducial interaction volume. 
Thr «um is confined to the bound impurity electrons as only* cTectronic transitions will be considered. 
For tho transitions of intfrrst wc may take cs to be the optical dielectric constant c.    With the form eq 
(13) it is a straiyhiforward matter to re-derive the quantum "Golden Rule" foj: calculating transition 
rate» but with an unperturbed Ilamiltonian h0 = ^(p - A0 ros;t)^ instead of Jp  .    To lowest order in the 
elociron-iinpurity interaction,   the rate for an electron to .catter from momentum state |p) to |p + k) 
whil«" the impurity goes from ja) to |b) is '" 

r(£ - £ +  k; a - b)  =••  2ir |(b|vk|a>|2 ^     ^^ * Z't * %» ^  m) '   ^3n
{^'lo^ (14) 

n=-ao 

where wc have retained the terms for n-photon emission and absorption for future comparison with the 
f\ - I term that wc are now considcrinf;.    In the polaron units used here the classical electron oscilla- 
tion amplitude r0 equals   K/>   ,   where the real arpplitude E of the optical electric field equals the 
amplitude in esu divided by K    = (wo/c) (^m^/u^)).    For our parameters  E equals (the field in V/ctn) f 
(1. 24 x 10^).    The Hcssel function coefficients Jn in eq (14) are the exact amplitudes for absorbing (or 
emitting) n optical photons in the process.    Their arguments are of order 10*'^ I(W/cm') and so the 
approximation J_(x) ~ (x/2)n/n!   is accurate here.    Consider now the rate rai, for the Impurity inter- 
acting with one electron in the optical field to make a transition from a state | a) to a state lb),  for 
which uk.    < •>.    In terms of the rate eq (14) 

'"'L f(£) r{£ - £ + k: a - b) (15) 

where f(p) is the initial conduction electron distribution and only the n = 1 term in T is needed.    To 
evaluate r^ it remains to estimate the dependence of the matrix elements of vj^ on k.    We shall use the 
"dipolc approximation" in which (b| expik» r;| a) ~ »k" (*•!'jl »)•    f"0/ definiteness we will assume that 
the impurity is spherically symmetric so tUat |lj i^^b^Tfa)! 2 = k' Xßa where Xh» I« the dipole matrix 
element of the impurity transition.    Finally, before evaluating eq (20), we average over all directions 
of E so that tho J|2 terms becomes (kE/2u)*/3.    The n = I contribution to the sum over k in eq (15) is 
then ~ 

r.K *  v''1   v6« Sirl/lZ) c*2 X2
Ky    L(p)  f(p) (16a) 

where 

Km+P 
Mp) » J dk k2B'l/p. (16b) 

Generally K,,, ? [p   ♦ 2(v - %a)]" la much larger than the magnitude of p allowed in f(p).    In this caa«, 
it it sufficiently accurate to approximate eq (16b) by 

L~ 2U(»  - ^J]* (17) 

and we see that the impurity excitation rate is essentially independent of the initial small conduction 
electron momentum g.    Since En f(p) - I, this fact makes the sum in cq (16a) trivial.    The total rat« 
Rab for an impurity to absorb a photon is r^ times the number of conduction electrons in the Interaction 
volume V    It is convenient to express Rab in terms of a photon absorption cross-section ?a^ which 
equals R,), + (the incident photon flux).    Recalling that 2v r* is numerically 10*'} I(W/cm2), we have 
from cq (IS) for sapphire 

aab - 7.S x ID"11  1 Xjb e'2 9'
X (w  - ^ * t (18) 

la polaron units where the electron density oc it 6. IS x 10*      times the numbar of electrons per cc o. 
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To sec tht- importanco of the transition cross-aoction eq (IB) relative to direct photo-excitation, 
we estim.Ui» tho donsiiy of inipuntifs N, cnT^ that would be required to attenuate the optical beam more 
than docs the dirccl photo-excitation process.    Of course,   the latter attenuation is not known,   but it 
must be loss than thi' total attenuation in sapphire,  and that is less than 10"' per cm.     For argument, 
suppose thai dirccl photo-excitation causes less than lO-5 per cm optical attenuation (it probably causes 
much less).     For our estimate,   let us assume in eq (18) that X'it) ^ ' ^ab'  ^ab ~ ^   anc' * r 10'° W/cm^ 
and 3   :   10',J as  m previous  examples.      This  ijives --.Tb ~ lO'1" cm ^ so that  N: ~ 10'" impurities per cc 
would be  required to make these conduction-ele   tron-medial ed impunly transitions attenuate the 
optical beam by 10"     per cm.     Considennj; all the kind-, ot dislocations  and foreign ions which Milcht 
take part as  impurities in this process,   we feel that it is not unreasonable that such an impurity 
density could exist.    Of course,   there are so many ordcr-of-ma>;nitude estimates of unknown quantities 
in the fore^.omi; that the  result can only be considered as  sugsestive of a kind of process that  must  be 
considered as competitive with other possibilities at this  time.     However,   the experimental observation 
of a rapidly im re-tsin^ dc photoconductivity near damage thresholds ^71 does  sucpest a "bootstrap ' 
process  such as the above by which conduction electrons ran create more of their kind,   even before 
they become so ener^eUc as to ionize the lattice. 

We have examined the enhancement of the sinple-photon bound-free photo-excitation transitions 
that arise from eq (14),   and have estimated that excitation cross-section also to be of order 10"~^ cm" 
under the same conditions.     This is probably less than the cross-section for direct photo   excitation. 
If multi-photon excitation is important in produ:inp electrons,  then the higher n terms of eq (14) 
probably dominate direct absorption near damage levels.     The expansion parameter in eq (14) is of 
order 10"' ' I(W/cm2),   whereas it is ^ 10"'^ i for di; ;ct muKi-pholon absorption. 

6.      Focusing Fffects 

In a region of the crystal in which conduction electrons have been excited there is a change in the 
refractive index &n given by 

6n =   -w2/u
2. (19) 

P 

At a density 10      cm    ,   electrons (with free electron band mass) have a plasma frequency of 10      Hz, 
which gives ".,/■' — 0- 00,? } and 6n ~ 5. i x 10"°.    This index change is comparable to that required to 
kelf-focus a one rmlliradian gaussian beam.     If the electron density were proportional to the optical 
intensity I,   and this index change were produced when I =  101" W/cm^,   then the index change would 
constitute a sicoml ordi r nonlinear index (often written n»  f?) whose nonMncar coefficient ^2 would be 
-2 x 10"       esu.     Ihis is negativ«- and an order of magnitude larger than wh..t one would guess is the 
intrinsic nonlinear index ot the bound electrons in sapphire.    However,   we suspect that the electron 
density is increasmi- much more rapidly than I at high intensities ^7] and  so the effect of the index of 
eq (19) is not simple.     Furthermore,   impurity electrons which are excited to bound states more than ■• 
below the band edpe,   such as by the process discussed in the previous section,  have an increased 
polanzabilily and would tend to cancel the effect eq (19) of conduction electrons 

Suppose the net effect of impurity transitions were to produce a negative and highly nonlinear 
refractive index change,   as would be the case if the conduction electron effect eq (19) dominated.     11..- 
thcre would be strong »-If-defocusing of a beam in regions of very high intensity,  out only the intrin»:. 
self-focusing indeN would hr operative in regions of smaller intensity.     Ihis would evidently result iv 
successive regions of hii;h intensity along the beam as each effect produces in turn a focusing tender..". 
that brings the other effect into dominance.    Damage tracks in sapphire and other materials consist 
a sequence of damage bubbles that arc suggestive of such a process.    However,   we have not calcula:.' ' 
the spacing of the successive high-intensity regions on the basis of some reasonable model to sec 
whether there is any possible correspondence between these speculations and observation. 

7.     Discussion 

Although there are alternate explanations for the behavior of damage tracks observed in sa;.'--~ 
ri4],  it seems likely that self-focusing is occurring and playing a role in the damage.    (It is curio.» 
that the appearance,   lengths,  and positions of damage tracks differ between ruby and sapphire . 1 ■ 
self-focusing is occurrinn,   it makes especially difficult the determination of the actual optical :■■■■ ■■   > 
at which the material ruptures,  and this in turn lends an extra uncertainty to the parainutcrs we   ■ : 
used in disc ussinc the role of conduction electrons in damage.    Probably tho most promising w.r. 
determine more precisely what the electrons' role may be is to determine the parameters of tho- 
conductw ri electrons below damage intensities.    It would be especially desirable to have rcliabU- .'■ 
photoconduciiviiy measurements between the intensities 5 W/cm^,  the highest used by Hochuli   '      »'•' 
101° W/ifi^,  the lowest used by llelikova,   ctal    [7],  in their measurements.    With the high lu" 
intensities available with lasers,   it may now be possible to excite enough electrons to obtain a 
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meaningful Mull effect.     Perhupa the time decay of photoconductivity and luiivnescencc aller an i'xcilinn 
pulse could be observed and yicltl information on carrier lifetimes,   trapping limes,   cMc.     tlnforlunati'ly, 
the important and pcrvadinn parameter — the effective mass in the conduciion band (and its anisolropy) - 
appears to be extremely difficult to determine experimentally. 

Should the pholo-excited electrons be found to play significant roles in damage,   such as those we 
have discussed,   then it may be possible to fabricate more damatjc-resist,tnl sapphire and ruby.     Tor 
example,   if self-focusing is presently instrumental in damage,   then it miulit be reduced bv adding 
donor impurities that produce a linear photoconductivity at high intensities and thus  reduce the total 
nonlinear index via the index change of eq (19).    On the otlu i  hand,   those donors that give a highly 
nonlinear photoconductivity  and a sudden production of high electron densities that result  in rupture by 
photo-absorption may perhaps be eliminated from the crystals or compensated by other additives.     In 
any case,   it is evident that the availability of high-intensity laser sources will greatly facilitate the 
study of the conduction bands and impurity levels in very v^eakly photoconducting materials such as 
•apphirc and ruby. 
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~ources are presented. The problem of surface damage is discussed, 
and •Jualitutivc comparisons between entrance and exit ·surface damage 
are made. Differences between the gross characteristics of bulk 
damage in ruby and sapphire are presented and discussed. The de­
pendence of damage threshold on Ti02 doping and optical pumping 
i~• prwscntC'd. 'I'he unexpected results are discussed and further 
experiments proposed.- <l'he theoretical treatment deals with processes 
by which "cold" conduction electrons may damage the lattice before 
they gain enough energy to ionize their surroundings. It is shown 
that the energy that the conduction electrons absorb linearly from 
the opticul beam is deposited almost immediately in the lattice 
and is of sufficient magnitude to form a rupturing Rhock wave. 
It is also shmvn thut the photoexci tation of impurity levels is 
enhanced by the presence of conduction ele~trons. The presence 
of conduction electrons and excited impurities is likely to alter 
the refractive index s ignificuntly and affect the focusing (self-
or external) in a complicated way. Implications of these results 
for r1isinq damage thresholds are discussed. 
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